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Fossil fuels are in abundant use to meet growing global energy demand. Burning of these 
fossil fuels produces CO2 which is considered a greenhouse gas. The carbon dioxide 
(CO2), resulting after the combustion of fossil fuels, is disturbing the CO2 cycle and 
consequently posing serious climate change which is a threat as global warming. Many 
studies are being undertaken for Carbon Capture and Sequestration (CCS) technologies 
which include pre-combustion, oxy-fuel combustion and post combustion. Oxy-fuel 
combustion provides a novel mean of capturing carbon since fuel is burnt in the presence 
of pure Oxygen only producing CO2 and water as combustion products. CO2 can be 
captured easily after condensation of water and there are no emissions at all.  
 
The present study focuses on experimentation and modeling of oxy-fuel combustion 
reaction in a specially designed combustion reactor using porous plates. The porous 
plates are used for the permeation of oxygen; the advantages of using porous plates 
include parallel flow configuration, controlled permeation of oxygen and stability at 
higher temperatures. Initially non-reactive flow experiments are performed to analyze the 
permeation rate of Oxygen in order to obtain desired stoichiometric ratios. Both axial and 
xviii 
 
vertical concentration profiles of species were measured. Numerical model has been 
validated against the experimental results for non reactive flows. Simulations employing 
one step reaction and two step reaction kinetics models for methane combustion are 
performed and parametric study is carried out to analyze the effect of equivalence ratio, 
oxidizer ratio, permeability, and Reynolds number on the performance of the reactor. It 
was found that the maximum temperature in the reactor increases by increasing oxidizer 
ratio, equivalence ratio (up to 1) and Reynolds number and the outlet temperature 
increases by increasing the sweep flow rate, equivalence ratio and Reynolds number. The 
one step model over-predicts the temperature and reaction rates as compared to two step 
model. It was found that the reaction zone can be adjusted to desired region within the 
reaction chamber by varying inlet conditions. 
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 ﻣﻠﺨﺺ اﻟﺮﺳﺎﻟﺔ
 
 
 اﻻﺳﻢ اﻟﻜﺎﻣﻞ: ﻓﺮﻗﺎن طﺎھﺮ
 
 ﻋﻨﻮان اﻟﺮﺳﺎﻟﺔ: دراﺳﺔ ﻣﻌﻤﻠﯿﺔ ورﻗﻤﯿﺔ ﻹﺧﺘﺒﺎر اﺣﺘﺮاق وﻗﻮد اﻷوﻛﺴﻲ ﺑﺎﺳﺘﺨﺪام ﻣﻔﺎﻋﻞ ذو ﻟﻮﺣﺔ ﻣﺴﺎﻣﯿﺔ
 
 اﻟﺘﺨﺼﺺ: ھﻨﺪﺳﺔ ﻣﯿﻜﺎﻧﯿﻜﯿﺔ
 
 ﺗﺎرﯾﺦ اﻟﺪرﺟﺔ اﻟﻌﻠﻤﯿﺔ: ﻣﺎﯾﻮ 4102
 
 
واﺣﺘﺮاق ھﺬا اﻟﻮﻗﻮد . اﻟﻮﻗﻮد اﻻﺣﻔﻮري ﻣﻦ أﻛﺜﺮ اﻟﻮﺳﺎﺋﻞ اﻟﻤﺴﺘﺨﺪﻣﺔ ﻓﻲ ﺗﻠﺒﯿﺔ ﺗﻨﺎﻣﻲ اﻟﻄﻠﺐ اﻟﻌﺎﻟﻤﻲ ﻟﻠﻄﺎﻗﺔﯾﻌﺘﺒﺮ      
وﺛﺎﻧﻲ أﻛﺴﯿﺪ اﻟﻜﺮﺑﻮن اﻻﺻﻄﻨﺎﻋﻲ اﻟﻨﺎﺗﺞ . ﯾﻨﺘﺞ ﻏﺎز ﺛﺎﻧﻲ أﻛﺴﯿﺪ اﻟﻜﺮﺑﻮن واﻟﺬي ﯾﻌﺘﺒﺮ أﺣﺪ ﻏﺎزات اﻻﺣﺘﺒﺎس اﻟﺤﺮاري
ﺗﺠﺮى . اﻟﺤﺮاري اﻻﺣﺘﺒﺎس ﻣﺜﻞ ظﺎھﺮة اﻟﻤﻨﺎخ ﻰ ﺗﻐﯿﯿﺮﺗﺆدي اﻟ ﺧﻄﯿﺮة ﺗﮭﺪﯾﺪات ﯾﺸﻜﻞﺑﻌﺪ اﺣﺘﺮاق اﻟﻮﻗﻮد اﻻﺣﻔﻮري 
 اﻟﻮﻗﻮد أوﻛﺴﻲ واﺣﺘﺮاق اﻻﺣﺘﺮاق، ﻗﺒﻞ ﻣﺎ ﺗﺸﻤﻞ اﻟﻌﺪﯾﺪ ﻣﻦ اﻟﺪراﺳﺎت ﻟﺘﺘﻨﻔﯿﺬ ﺗﻘﻨﯿﺎت اﺣﺘﺠﺎز وﺗﺨﺰﯾﻦ اﻟﻜﺮﺑﻮن واﻟﺘﻲ
 ﺗﺘﻢ ﻋﻤﻠﯿﺔ اﺣﺘﺮاق وﻗﻮد اﻻوﻛﺴﻲ ﻓﻲ وﺟﻮد. اﺣﺘﺮاق اوﻛﺴﻲ اﻟﻮﻗﻮد ﯾﻌﺘﺒﺮ وﺳﯿﻠﺔ ﻣﮭﻤﺔ ﻟﺤﺠﺰ اﻟﻜﺮﺑﻮن. اﻻﺣﺘﺮاق وﺑﻌﺪ
وﺑﻌﺪ ان ﯾﺘﻢ ﺗﻜﺜﯿﻒ اﻟﻤﺎء ﯾﻤﻜﻦ . اﻷﻛﺴﺠﯿﻦ اﻟﻨﻘﻲ وﯾﻨﺘﺞ ﻋﻦ ذﻟﻚ ﻏﺎز ﺛﺎﻧﻲ أﻛﺴﯿﺪ اﻟﻜﺮﺑﻮن واﻟﻤﺎء ﻛﻨﻮاﺗﺞ اﺣﺘﺮاق
  . ﺑﺴﮭﻮﻟﺔ اﺣﺘﺠﺎز ﺛﺎﻧﻲ أﻛﺴﯿﺪ اﻟﻜﺮﺑﻮن وﺑﺎﻟﺘﺎﻟﻲ ﻟﻦ ﯾﻜﻮن ھﻨﺎﻟﻚ اي اﻧﺒﻌﺎﺛﺎت ﻋﻠﻰ اﻻطﻼق
اﺣﺘﺮاق ﻣﺼﻤﻢ ﺑﺎﺳﺘﺨﺪام ﻟﻮﺣﺎت ﻓﻲ ھﺬه اﻟﺪراﺳﺔ اﻟﺘﺮﻛﯿﺰ ﻋﻠﻰ ﻧﻤﻮذج اﺣﺘﺮاق وﻗﻮد اﻷوﻛﺴﻲ ﻓﻲ ﻣﻔﺎﻋﻞ ﺗﻢ       
ﻓﻲ اﻟﺒﺪاﯾﺔ ﯾﺘﻢ اﺟﺮاء ﺗﺠﺎرب ﻟﻠﺘﺪﻓﻖ ﺑﺪون ﺗﻔﺎﻋﻞ ﻟﺘﺤﻠﯿﻞ ﻣﻌﺪل ﻣﺮور اﻷﻛﺴﺠﯿﻦ ﺑﻐﺮض اﻟﺤﺼﻮل ﻋﻠﻰ ﻧﺴﺐ . ﻣﺴﺎﻣﯿﺔ
ﻋﻤﻞ ﺗﻢ ﺗﻢ ﻗﯿﺎس ﻛﻞ ﻣﻦ اﻟﺘﺮﻛﯿﺰ اﻟﻤﺤﻮري واﻟﻌﻤﻮدي ﻟﻤﻜﻮﻧﺎت ﻏﺎزات اﻻﺣﺘﺮاق ﺛﻢ (. ﻗﻮة اﻟﻤﺰﯾﺞ)اﻟﺘﻜﺎﻓﺆ اﻟﻤﻄﻠﻮﺑﺔ 
اﻟﺘﺠﺎري ورﺳﻢ اﻟﻨﻤﻮذج ﺑﺎﺳﺘﺨﺪام ( ULF_DFCE3.6 TN)اﻟﻤﻮاﺋﻊ دﯾﻨﺎﻣﯿﻜﺎ ﻧﻤﻮذج ﻋﺪدي ﺑﺎﺳﺘﺨﺪام ﺑﺮﻧﺎﻣﺞ 
ﺑﻌﺪ ذﻟﻚ ﺗﻢ اﻟﺘﺄﻛﺪ ﻣﻦ ﺻﺤﺔ اﻟﻨﻤﻮذج ﺑﻌﻤﻞ ﻣﻄﺎﺑﻘﺔ ﻣﻊ اﻟﻨﺘﺎﺋﺞ . وﺗﻌﺮﯾﻒ اﻟﺸﺮوط اﻟﺤﺪﯾﺔ ﻟﻠﻨﻤﻮذج( 4.2 tibmaG)
اﻟﺘﻜﺎﻓﺆ، ﻧﺴﺒﺔ اﻟﻤﻌﻤﻠﯿﺔ وﺗﻢ ﺗﻨﻔﯿﺬ ﻧﻤﻮذج اﻟﺨﻄﻮة اﻟﻮاﺣﺪة ﻟﺘﻔﺎﻋﻞ اﺣﺘﺮاق اﻟﻤﯿﺜﺎن ﺛﻢ اﺟﺮﯾﺖ دراﺳﺔ ﻟﺘﺤﻠﯿﻞ أﺛﺮ ﻧﺴﺒﺔ 
ووﺟﺪ ان اﻗﺼﻰ درﺟﺔ ﺣﺮارة ﻓﻲ اﻟﻤﻔﺎﻋﻞ ﺗﺰﯾﺪ ﺑﺰﯾﺎدة ﻧﺴﺒﺔ اﻟﻤﺆﻛﺴﺪ، ﻧﺴﺒﺔ اﻟﺘﻜﺎﻓﺆ . اﻟﻤﺆﻛﺴﺪ، اﻟﻨﻔﺎذﯾﺔ ورﻗﻢ رﯾﻨﻮﻟﺪز
أﯾﻀﺎ . ورﻗﻢ رﯾﻨﻮﻟﺪز ﺑﻨﻤﺎ ﺗﺰﯾﺪ درﺟﺔ اﻟﺤﺮارة اﻟﺨﺎرﺟﺔ ﺑﺰﯾﺎدة ﻣﻌﺪل اﻟﺘﺪﻓﻖ، ﻧﺴﺒﺔ اﻟﺘﻜﺎﻓﺆ و رﻗﻢ رﯾﻨﻮﻟﺪز( 1ﺗﺼﻞ اﻟﻰ)
ذج ذو اﻟﺨﻄﻮﺗﯿﻦ واﻟﺬي ﻮﻨﮫ ﺗﻮﻗﻊ درﺟﺔ اﻟﺤﺮارة وﻣﻌﺪل اﻟﺘﻔﺎﻋﻞ اذا ﻣﺎ ﻗﻮرﻧﺖ ﻣﻊ اﻟﻨﻤﻓﺎن ﻧﻤﻮذج اﻟﺨﻄﻮة اﻟﻮاﺣﺪة ﯾﻤﻜ
 xx
 
أﺧﯿﺮا وﺟﺪ اﯾﻀﺎ ان ﻣﻨﻄﻘﺔ اﻟﺘﻔﺎﻋﻞ ﯾﻤﻜﻦ ﺿﺒﻄﮭﺎ ﻟﻠﻤﻮﻗﻊ اﻟﻤﻨﺎﺳﺐ ﻓﻲ ﻏﺮﻓﺔ اﻻﺣﺘﺮاق وذﻟﻚ ﺑﺘﻐﯿﯿﺮ . ھﻮ اﻛﺜﺮ واﻗﻌﯿﺔ
 .    ﺣﺎﻻت اﻟﺪﺧﻮل
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 Global Warming and CO2 emissions 
 
As the world’s population is growing and the standard of living is improving day by day, 
the global energy requirements are increasing and to overcome this substantial need of 
energy; more power plants have to be established. Currently around 80% of the energy 
demand is met by fossils fuels and among fossils fuels 40% is coal and rest includes 
furnace oil, natural gas, diesel etc [1]. The fossil fuels power plants are smooth in 
operation; take less time to commission and efficient but the disadvantages are severe in 
terms of global impact. These plants are producing tons of CO2 every second making the 
earth warmer by global warming. The two green house gases i.e. carbon dioxide and 
water vapor are the main gases responsible for the global warming. The carbon dioxide 
resides in the atmosphere for more than one century. Global warming is damaging the 
earth atmosphere for the present and next generations by climate change, water scarcity, 
ice caps depletion, air pollution etc. The maximum temperature rise of the world in 2090 
is 8 0C starting from 1990 [2] as shown in Figure 1. Therefore, the CO2 emissions must 
be controlled by developing alternative technologies for energy needs and capturing the 
mechanism. 
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Figure 1: Predictions of temperature rise from 1990-2990 around the globe [2] 
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In the assessment report by the Inter-governmental Panel on Climate Change (IPCC) 
published in 2007 [3] reported some important observations that include the rise in the 
average temperature of the Earth’s surface is +1 0C since 1910, the average sea level rise 
for past 100 years is 16 cm and the snow cover reduction in the Northern hemisphere is 9 
% within the past 50 years. These phenomena are speeding up and the predicted 
temperature rise till 2030 is 0.2 oC and if the fossils fuels are being used continuously 
then the sea level rise would be 59 cm from 18 cm by 2099. In order to avoid catastrophic 
consequences of the global warming, the carbon dioxide concentration should not cross 
450 ppm by 2050. Therefore the CO2 emissions must be reduced by developing 
alternative technologies for energy needs and capturing the mechanism. 
 
1.2 Carbon Capture technologies 
 
In order to reduce the CO2 emissions, several approaches have been proposed in the 
literature; one way is the forestation, according to Pacala and Socolow [4]; if the rate of 
forestation is doubled and the stopping deforestation can result in the decrement of CO2 
emissions by 3.70 Giga tons by 2050. They have shown the prediction of CO2 emissions 
in ‘Billions of tons per annum’ till 2054 which will be 14 Giga tons per annum as shown 
in Figure 2, so it is important to limit CO2 emissions from the primary source i.e. thermal 
power plants. 
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Figure 2: Projection of CO2 emissions in billions of tons of year till 2054 [4] 
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The approaches related directly to power plants are termed as ‘Carbon Capture and 
Storage’ (CCS) These technologies are namely, pre combustion, post combustion and 
oxy-fuel combustion as reported by Habib et al [5] as shown in Figure 3. In pre 
combustion, the fuel is treated such that the carbon contents are removed at the initial 
stage and there will be no CO2 in the exhaust. The fuel is first converted in to carbon 
monoxide (CO) and hydrogen gas (H2), the mixture is called syngas which is produced 
by the steam reforming process. Then, the syngas is converted in CO2 and H2 gas by 
means of shift reaction, the CO2 is removed and sent for compression and then to storage 
or enhanced oil recovery. The remainder that is hydrogen gas is burnt to produce power. 
In post combustion, the flue gases are treated to remove the CO2 contents. The flue gases 
are passed through solvents and packed beds that only absorb CO2 and then absorbed 
gases are removed by lowering the pressure or increasing temperatures. The removed 
CO2 is then compressed and sent for storage. For absorption, most commonly solvents 
are amine solvents and for the adsorption Metal Organic Frame works (MOFs) or Zeolite. 
In the oxy fuel combustion, instead of air, oxygen reacts with the fuel. Therefore there 
will no NOx in the emissions and only CO2 and H2O will be present at the outlet, CO2 
then easily be separated by means of condensation. The CO2 can be re circulated as a 
carrier gas to reduce the maximum temperature in the combustor. The oxygen from air 
can be separated by cryogenics techniques or by incorporating ion transport membranes 
(ITM). 
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Figure 3: Proposed Carbon capture technologies [1] 
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1.3 Sequestration and Storage 
 
After solving the issue of separating CO2 contents from flue gases of power plants, the 
next task is to store CO2, so that it cannot be the part of environment. It has been already 
established in IPCC report [3] that the CO2 can be stored in the deep aquifers, coal mines, 
depleted oil and gas fields, limestone, sandstones as shown in Figure 4. The CO2 can also 
be used for enhanced oil recovery. The carbon dioxide must be stored at the depths of 
more than 800 m to obtain temperature and pressure at which the volume is minimum 
(super critical state i.e. 74 bar and 31 0C) [2]. From the study three types of the storage 
were found feasible, they are: 
 
 Deep aquifers 
 Depleted Oil and Gas fields  
 Coal mines.   
 
Among different kinds of storage, aquifers can store CO2 more than ten times than the 
depleted oil and gas reservoirs. 
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Figure 4: CO2 sequestration options [3] 
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1.4 Oxy-fuel Combustion for Power plants 
 
The oxy-fuel combustion is one of the promising carbon capture technologies that can be 
used in the new plants and existing plants with some modifications [6]. The combustion 
between pure oxygen and fuel results in very high temperatures which most of the 
materials cannot withstand, in order to reduce temperature CO2 is re-circulated to and 
reduce the overall temperature. The main advantage is that we can control the flue gas in 
order to optimize the combustion process. Kunze and Spliethoff [7] assessed carbon 
capture technologies for Integrated Gasification Combined Cycle (IGCC) Plants. They 
studied all three techniques i.e. pre combustion, post combustion and oxy-fuel 
combustion for IGCC plants.  In their study, IGCC concept based for oxy-fuel 
combustion showed a substantial improvement in efficiency reaching 45.74% but this 
concept also needs certain modifications and new equipments. The use of CO2 as a 
carrier gas in the oxy-fuel combustion process will reduce the flame speed as compared 
to the nitrogen as reported by Law et al [8]. This resulted in the poor performance and 
temperature and species were different for nitrogen and for carbon dioxide cases. 
Anderson and Jonhsson [9] conducted experiments on combustion in environment of 
O2/CO2. The experiments showed that the flame temperature is reduced when the fuel is 
burnt with the ratio of O2/CO2=21/79 as compared to the burning of fuel in air. He found 
that the combustion is delayed for ratio of oxygen to carbon dioxide on volumetric basis 
O2/CO2=21/79, the results for ratio O2/CO2=27/73 were better than the previous case.  
Figure 5 shows the schematic of oxy-fuel combustion coal based power plant in which 
oxygen is separated and then burns the fuel in the boiler, the fly ash and the sulfur are 
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removed that are left over of combustion then the water vapor are separated by 
condensation and only CO2 is left which is compressed and transported for sequestration.  
 
Oxygen can be separated from air at very low temperatures (cryogenics), but it needs a 
lot of power for the air compression [10]. The cryogenics plants available at the market 
have low second law efficiency in the range of 15-24% [11] and these plants can 
substantially reduce the overall efficiency of the power plants [12], so the incorporation 
of cryogenic plants would be costly, inefficient and require more space. Recent 
investigations have been going on in developing ion transport membranes (ITMs), they 
are mixed ionic and conducting ceramic membranes. The membranes that are being 
focused for are lanthanum cobalite perovskite type ceramics [13]. Different kinds of 
membranes have been developed which are semi permeable for oxygen and provides high 
oxygen flux at high temperature when it is exposed to air and a hydrocarbon. These 
membranes are efficient as compared to the cryogenics process.  
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Figure 5: Schematic of oxy-fuel combustion coal based power plants [14] 
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1.5 Ion Transport Membranes (ITMs) 
 
Ion Transport Membranes are used to separate oxygen from air by means of conduction 
and diffusion as shown in Figure 6. There are three main types of ITMs perovskite, 
fluorite and mixed. Mixed membranes are simply membranes made of a mixture of 
different types of ITMs in order to combine advantages of both. Air products (USA); has 
developed the commercial units for oxygen separation based on ITMs. They have 
developed ITMs stacks which can separate oxygen with the rate of one ton per day. 
Different configurations have been proposed by the Air products for efficient separation 
and utilization of ITMs [15]. The most important parameter in the oxygen separation is 
the oxygen partial pressures across the membrane, the partial pressure ratio is the driving 
force [16]–[18]. Usually, the permeate side is operated under vacuum. Diethelm et al [19] 
compared different membranes and normalized the results for 1 mm thickness, he found 
that the thicker membrane have less oxygen flux than the thinner membranes. Wang et al 
[20] studied the oxygen permeation by changing the feed side conditions; they observed 
that the flux is increased for the flow rate up to 0.15 L/min. Patridge et al [21] studied 
four different types of polypyrole conductive membranes, they demonstrated that the 
incorporation of different dopant ions changes the physical characteristics of membranes; 
they also showed that increasing the concentration of feed solution resulted in higher 
flux.  
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Figure 6: Separation of oxygen from high pressure and temperature air by means of 
ITMs [22] 
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1.6 Problem Statement 
 
This study is focused in finding possible solutions to decrease CO2 by means of oxy-fuel 
combustion process. In this study, a porous plate reactor has been developed in which 
methane is burnt in the presence of oxygen and carbon dioxide. The carbon dioxide 
serves as a carrier gas. Oxygen supply will be made possible by means of cylinders. Both 
experimental and numerical work has to be carried out in order to study the combustion 
process and to optimize the performance of the reactor by means of numerical work. A 
reactor has been modeled that contains three chambers all of 30 mm in height as shown in  
Figure 7. The top and bottom chambers are for oxygen inlet and center chamber is for 
fuel (methane)/nitrogen and carries gas (CO2). The oxygen passes through the porous 
plates to get into middle section where it reacts with the fuel and the flue gases will pass 
out from the exit on the right. The porous plate dimensions are; length ‘L’=150mm, 
width ‘w’=50 mm and thickness ‘t’=1.13 mm. The experimental results will be used to 
validate numerical model. The parametric study and optimization of the porous plate 
reactor is to be carried out in terms of permeability of porous plates, oxidizer ratio, 
equivalence ratio, Reynolds number, maximum temperature and reaction zone. 
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Figure 7: Porous plate reactor for oxy-fuel combustion 
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1.7 Research Objectives 
 
The research objectives of this study are as follow: 
 To investigate experimentally concentrations of species and study the effect of 
different variables on oxygen to nitrogen ratio at different locations of the porous 
plate reactor. 
 To develop a 2D CFD model for non reactive and reactive (combustion) cases. 
 To validate numerical results against experimental data. 
 To conduct sensitivity analysis of all parameters affecting performance of the reactor 
and the identification of the parameters those have strong impact on the performance. 
 To optimize the porous plate reactor in terms of oxygen permeation, reaction zone, 
fuel to carrier gas ratio, minimum oxidizer etc. 
 
1.8 Thesis Outline 
 
The thesis is comprised of eight chapters. 
Chapter 1 introduces the challenges to address global warming issues; need and 
availability of carbon capture technologies, Ion Transport Membranes for oxygen 
separation, problem statement of thesis and the research objectives set to accomplish in 
this work. 
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Chapter 2 focuses on literature review mainly related to carbon capture technologies, 
advancements in oxy-fuel combustion technologies, development and applications of 
porous media. 
 
Chapter 3 gives the details related to the development of experimental setup, equipments 
that are used in operation, accuracies and error analysis of Gas chromatograph, gas 
purity, mass flow controllers and misc. equipments. 
 
Chapter 4 describes the methodologies related to both experimental and numerical work, 
computer packages that are used to descritized and solve the domain of the problem, 
governing equations and laws that are required to solve for numerical modeling. 
 
Chapter 5 focuses on numerical study that includes validation of porous media flows. It 
presents the validation of numerical models by means of experimental results for non 
reactive flow in order to ensure reliability of numerical results for reactive cases. 
Numerical results for both non reactive and reactive flows using 1 step model and 2 step 
modified model for combustion. Parametric study has been conducted at end to find 
optimum conditions for the reactor design. 
 
In chapter 6 the conclusion of this study is presented and the possible future 
recommendations are proposed for continuation of this study in order to further improve 
the performance of the oxy-fuel combustion processes.  
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 CHAPTER 2 
LITERATURE REVIEW 
 
 
2.1 Carbon Capture Technologies 
 
As stated before, around 40% of energy demands are met by coal and it is the largest 
contributor in the production CO2 emissions followed by liquid fuels (furnace oil and 
diesel) and then natural gas as shown in Figure 8. The actual usage of each type of fuel is 
presented for up to 2008 and projections were made for the next 42 years in which the 
coal utilization in energy sector increases drastically. The CO2 emissions may rise up to 
42 Giga tons per annum by 2035 [23].  Carbon Capture and Sequestration (CCS) is a 
promising technology to limit the CO2 emissions. CCS is applicable to all types of 
combustion processes and is considered viable to commercial power plants. Three 
approaches have been developed under the umbrella of CCS; namely pre combustion, 
post combustion and oxy-fuel combustion. The main goal of all these approaches is to 
capture CO2. After separating CO2 from the flue gases, it is compressed and transported 
for sequestration.  
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Figure 8: History and predictions of CO2 emissions in Giga tons per annum by the 
usage of different fuels [24] 
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In pre-combustion approach, the fuel is decarbonized and all the carbon contents are 
removed before combustion.  In refining, fertilizer and petrochemical plants, this process 
is used for the production of hydrogen for more than half century [25]. In this method, 
fuel is converted in to syngas in the presence of steam and air. Syngas is the mixture of 
carbon monoxide and hydrogen then carbon monoxide is converted into hydrogen and 
CO2 by second shift reaction. The CO2, can, then be removed and carbon free fuel i.e. 
hydrogen is combusted in the reactor. One example of the power plant incorporating pre-
combustion approach is shown in Figure 9, in which fuel and steam produces syngas 
which is then cooled and particulates and hazardous gases like H2S are removed then CO2 
is removed and compressed and the clean syngas is utilized in the combined cycle power 
plant. 
 
The post-combustion technique can be easily incorporated in the existing plants as 
compared to other approaches.  In this approach, flue gases are passed through solvents 
or beds of MOFs where the CO2 is separated by absorption or adsorption. Liquid solvents 
are usually amine based solvents such as MEA: Mono Ethanol Amine are used, MEA is 
used in different industries in CO2 separation processes [26]. Few years back, Metal 
Organic Frameworks (MOFs) were developed which are porous in nature and have high 
surface area to volume ratio for adsorption. MOFs are superior than liquid solvents in 
terms of energy consumption and ease of operation [27]. One example of the power plant 
incorporating post combustion approach is shown in Figure 10; in which fuel is burnt in 
the furnace (without any modifications), the flue gases are treated such that NOx and 
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particulates are removed in the first stages and then the flue gas is desulphurised in the 
SOx removal chamber and then CO2 is removed and compressed for transportation. 
 
 
 
 
 
Figure 9: Layout of Pre-combustion approach for power plant. [1] 
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Figure 10: Layout of Post-combustion approach for power plant. [1] 
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In oxy-fuel combustion, fuel is combusted in oxygen environment instead of air which 
eliminates the possibility of NOx formation. However, the oxygen availability is the 
drawback of this approach; oxygen is to be made available from air by separation 
processes which are costly. Reaction between fuel and pure oxygen gas will result in very 
high temperatures which most of the materials cannot withstand, so CO2 has to be 
recycled as a carrier gas to reduce overall temperatures. The flue gases only contain water 
vapor and CO2 ideally out of which water vapor can be easily removed by condensation.  
The high concentration of CO2 in the exhaust makes it more economical for downstream 
process as compared to other approaches. Removal of up to 98% of CO2 is possible by 
oxy-fuel combustion [28]. This approach has also been studied for gas turbine 
applications but still it is in research phase and it is important to integrate oxy-fuel 
combustion with the thermodynamic cycle of the plant in order to enhance carbon capture 
and efficiency [29]. One example of the power plant incorporating oxy combustion 
approach is shown in Figure 11; in which air is separated in the air separation unit to 
generate pure oxygen for combustion, the fuel is burnt in the mixture of oxygen and 
carbon dioxide and then CO2 is removed from flue gases, some portion of the CO2 are 
recirculated in the combustion chamber. 
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Figure 11: Layout of Oxy combustion approach for power plant. [1] 
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These three approaches are summarized based on their merits and demerits in Table 1. 
Table 1: Comparison between CCS approaches [2], [3], [24], [30] 
S.No. Technique  Advantages  Disadvantages  
1. Post 
combustion 
 Can be 
retrofitted to 
existing plants 
  Immediate 
solution  
 
  Due to low conc. in exhaust, the 
separation is very costly. 
  Net power decreases by 30%  
2. Pre 
combustion 
 Carbon contents 
are removed 
before 
combustion 
  Water gas shift 
reaction 
commercially 
practiced  
 
 Hydrogen fired gas turbine are not 
commercially available. 
  Net power decreases by 20% 
 Dilution of H2 is needed. 
3. Oxy-fuel 
combustion 
 Removal of CO2 
up to 98% 
  Combustion 
can be 
controlled by 
varying O2/CO2  
  No emissions at 
all.  
 Modification and replacement of 
some equipment is needed 
  Air separation is needed 
 Net power decreases by 25%. 
(cryogenic separation) 
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2.2 Oxy-fuel Combustion 
 
Oxy-fuel combustion has more oxygen rich environment than the normal air combustion 
so flue gases from oxy-fuel combustion will be relatively clean; oxy-fuel combustion has 
been used in the metal and glass manufacturing industries. Oxy-fuel approach can be 
implemented to the existing coal based power plants and new one by building reactors for 
oxy-fuel [6]. Oxy-combustion has not yet fully matured for application in large scale 
power production units. Many researchers show large potential to implement the 
membrane integration technology for oxygen separation with oxy-fuel combustion  [9], 
[31]–[33]. The main objective is to investigate several features of oxy-fuel process for 
power plants, e.g. boiler design, combustion kinetics, sealing issues in oxygen separation 
equipments to make this technology more applicable [34]-[35]. This idea can be extended 
to combustion of natural gas with oxygen separation membrane integration in combustion 
reactor. Efforts has to be made for efficient combustion process such as ignition in case 
of coal-fired, reaction kinetics, flame stability, sealing of membrane and the activation 
energy required [36]–[39]. Many researchers used numerical techniques in order to 
evaluate the performance of oxy fired power plants. Boilers, burners, reactors, and 
furnaces etc have been modeled using the CFD approach and detailed investigations were 
made in order to enhance the performance [40]-[41].  
 
Heil et al [42] tested different types of swirl burner for coal combustion. His study shows 
that when the oxygen concentration in the O2/CO2 mixture was set to 21%, poor 
combustion and unstable dark flame was observed but when the oxygen concentration 
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was increased to 27%-34%, the stable flame and full burnout were obtained.   Hong et al 
[43] reported that the detailed kinetics of oxy-fuel combustion for methane reduces from 
1000+ reactions to 217 reaction and 316 species, so the analysis with detailed chemistry 
become easier than that of qir combustion. Andersen et al [44] studied the combustion 
process for the oxy-fuel conditions. They studied the Westbrook two step model and 
Jones four step model for combustion and compared with the Detailed Kinetics model 
and it was concluded that the two models had to be modified in order to predict 
acceptable results when they are to be used in CFD of oxy-fuel combustion. Andersen 
modified and refined the Westbrook and Jones models for oxy-fuel conditions. Bibrzycki 
and Poinsot [45] studied the detailed chemical kinetics involved in the air combustion 
and oxy-fuel combustion. They concluded that the kinetics for oxy-fuel combustion are 
reduced and Jones four step model with refinement give better results as well as the GRI 
Mech. 
 
Oxygen available by air separation unit for oxy-fuel combustion is more than 95% pure 
and the rest is being nitrogen [46]. In coal based combustion, excess oxygen has to be 
supplied to ensure stoichiometric and homogenous combustion. In the flue gas, CO2 and 
water vapor with small portions of NOX, SOX, etc. are present. The flue gases are sent to 
remove acidic gases and solid particulates. Although, oxy-fuel combustion is a very 
promising technique in CCS, lower adiabatic flame temperature, delayed ignition and 
lower burning rate in O2-CO2 environment are some of its major challenges to be dealt 
with [47]–[50]. An attempt to increase the thermal efficiency often comes at the cost of 
increased NOx emissions. Moderate or Intense Low-oxygen Dilution (MILD) combustion 
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technique offers great advantage of achieving higher thermal efficiency in oxy-
combustion with reduced pollutant formation [47], [51]. Blasiak et al. [52] investigated 
the MILD oxy-combustion of natural gas in the thermal treatment processes of wastes 
and the recovery of zinc bearing feed on a rotary kiln and found that it reduces the fuel 
consumption as well as NOx emissions in addition to increasing the productivity of the 
rotary kiln. Krishnamurthy et al [53] found that the MILD oxy-combustion also reduces 
the soot formation significantly than the conventional oxy-combustion. The flue gases are 
treated for the removal of NOx, which is known as deNOx treatment. NOx is present in the 
exhaust due to the leakage in boiler which is around 8%-15% [46]. After NOx removal, 
SOx (Sulfur contents) are removed, this process is known as DeSOX treatment [54]. After 
dehumidification of the flue gas, it is estimated by the researchers that purity of CO2 
ranges from 85%-95% ready for compression and sequestration [26]-[55]. In natural gas 
combustion with the assistance of OTR then DeNOX and DeSOX treatments can be 
avoided since with membranes we have very high purity of oxygen and the leakage is 
also negligible. Oxygen flames give higher temperatures which have to be controlled, 
because of the material melting temperature constraints, around 2/3 of the flue gas needs 
to be recycled [30]. Nitrogen is replaced by carbon dioxide which will carry away heat 
and will increase the concentration of CO2 which is needed to separate it from the flue 
gas [54]. Chen et al [32] compared the CO2, NOx and SOx emissions for air combustion 
and for different O2/CO2 ratios for oxy-fuel combustion. Their work shows that flue gases 
can have CO2 concentration up to 90% and 34% in oxy-fuel combustion and air 
combustion respectively, so it is easier to separate CO2 from oxy-fuel combustion power 
plant due to high concentration of carbon dioxide. 
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Habib et al [56] modeled combined ITMs-Porous reactor in which isothermal conditions 
were achieved by incorporating porous plates of different permeability. This is done by 
achieving constant Oxygen to fuel ratio in the middle chamber with the help of carrier 
gas i.e. CO2. It was also observed that the oxygen permeation increases with the increase 
in fuel to carrier gas ratio and it was showed that the proposed reactor has the flexibility 
of controlled reaction zone. Nemitallah et al [57] investigated the oxy-fuel combustion in 
an ITM reactor using two step reaction kinetics model. The model has been validated 
against the experimental data available. It was found that the factors that are important to 
operation of ITM reactor are Inlet species temperature, fuel percentage and the reactor 
geometry. Nemitallah and Habib [58] studied the oxy-fuel combustion in a gas turbine 
combustor. The experiments were conducted and validated by means of numerical model. 
The modified two step reaction kinetics model was implemented and found in better 
agreement with the experimental results. After validation parametric study has been 
carried out. The combustion was improved with the increment of oxygen in the inlet but 
this improvement is limited due to temperature limitations. 
 
Abdul-Sater and Krishnamoorthy [59] studied the various radiation modelling strategies 
in simulations of oxy-methane diffusion flames. They confirmed the numerical results 
with the experimental data that the flame length increases with the increase in fuel-inlet 
Reynolds number but decreases increase in O2 composition in the oxidizer stream.  They 
used gray and non-gray formulations of weighted-sum-of gray-gas-model (WSGGM) to 
compute the radiation. They found that the radiant fraction was increasing with decrease 
in Reynolds number which was attributed to shorter flames and steeper temperature 
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gradient. WSGG models are popular for the calculations of radiation with the combustion 
model because of lower computational cost, better accuracies and ease of 
implementation. The accuracies of WSGG models were assessed and compared against 
the standard solutions in prototypical geometries [60]–[63]. Yin [64] and Krishnamoorthy 
[60], in their respective studies on numerical investigation of oxy-combustion of natural 
gas, found that the non-gray gas models are more accurate in predicting the wall fluxes 
than temperatures. Though, the importance of this model was diminished if the particles 
are present in the flame. In a numerical study on oxy-combustion of coal in small scale 
furnaces by Nakod et al. [65], it was concluded that the difference between gray-gas and 
non-gray gas model was minimal as the particle radiation was prominent than the gas 
radiation. While in large scale furnaces, where the effect of gas radiation was dominant 
over the particle radiation, non-gay gas model gives better accuracies [66]. Hjartstam et 
al. [67] concluded from their numerical investigations on oxy-propane flames in a lab-
scale furnace that the accurate soot models are of much more importance than the non-
gray radiation models in predicting the radiation field and temperature. Turbulence 
Radiation Interaction (TRI) was found to be important in oxy-combustion of coal [68] 
and natural gas [69] due to the presence of large concentrations of radiatively 
participating gases. However, Krishnamoorthy [60] has found that the introduction of 
TRI was of not much significance for highly swirling flames.  
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Habib et al [70] modeled the oxygen permeation through LSCF ITM and the effect of 
combustion on the permeate side was studied. It was found that increasing the air 
pressure on the feed side will affect the oxygen permeation. It was also noted that the 
higher concentration of CO2 on the permeate side will reduce the partial pressure of 
oxygen on the permeate side; therefore there will be more oxygen flux. Nemitallah et al 
[57] used the two step modified model to predict the performance of an ITM reactor 
based on methane combustion. A 2D symmetric model was developed using CFD 
approach. It was found that the combustion has a strong effect on oxygen permeation and 
permeation is enhanced. Jongsup et al [43], [71] simulate the ITM reactor and studied 
oxygen permeation and fuel conversion in 2013 they extended their study and observed 
the interactions between the oxygen permeation and fuel conversion on the sweep side of 
membrane. The oxygen permeation was influenced by the fuel conversion; fuel 
conversion enhances the oxygen permeation. 
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2.3 Porous Media flows 
 
 
Experimental studies have demonstrated the physical laws related to flow through porous 
media, revealing that darcy regime can predict the flow behavior properly when the flow 
velocity is sufficiently small, while Forchheimer regime, considering the inertial effects, 
is able to describe the flow pattern when the flow velocity becomes adequately large 
[72]–[75]. Zhong et al [76] analyzed the effect of differential pressure from the charged 
air into an isothermal chamber to determine the permeability coefficient and the inertia 
coefficient, and represent the flow rate regime in terms of darcy equation and 
Forchheimer equation. They verified the effectiveness of the proposed method 
experimentally. Zhong et al measured the pressure drop and the mass flow rates for 
different sintered metal porous materials by using charged air method, the inertial 
resistance and viscous resistance were calculated with an error of 3%. 
 
Mancin et al [77] conducted experiments of Aluminum foams (porous) and measured the 
pressure drops, the experimental data was tabulated and regression was applied to 
calculate inertial resistance and permeability. Mancin et al [78] conducted experiments 
for Copper and Aluminum foams, in this study Pressure drop was calculated for 
isothermal and then Heat transfer coefficients were calculated. Figure 12 shows the 
variation of mass flux with pressure drop through various metallic foams. The modeling 
was carried out with the help of experimental results.  
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Figure 12: Pressure Vs Mass flux for various foams materials[78] 
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Under steady state operation, effect of small pressure drop on the flow rate is 
approximately proportional to the pressure difference across the porous material, 
indicating the application of darcy regime. In porous materials, it is examined that 
Poiseulle flow is predominant only when Knudsen number (the ratio of gas mean free 
path to pore diameter) is less than 0.01. When the Knudsen number is greater than 10, 
Knudsen diffusion is predominant in porous regime [79]. 
 
Shelekhin et al [80]-[81] examined the gas permeability properties of different gases like 
helium, hydrogen, carbon dioxide, oxygen, nitrogen, and methane in micro porous 
membranes made of silica as a function of pressure and temperature. They showed that 
the permeation rate of helium and other gases in porous membranes was comparable to 
that of industrially produced polymeric membranes. Sawley et al [82] proposed a 
numerical method porous flow simulations, the approach was proved to provide 
acceptable results for both saturated and unsaturated porous media flow. From his results 
the Darcy law was confirmed for low drift velocities in a saturated medium, while non-
linear behavior was observed for higher velocities.  
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CHAPTER 3 
EXPERIMENTAL SETUP FOR NON REACTIVE FLOWS  
 
An experimental set up has been established at the heat engines lab in KFUPM to 
conduct experiments related to oxy-fuel combustion. The reactor consists of three 
chambers; the top and bottom are for oxidizer supply, pure oxygen is made available by 
means of gas cylinders. The central chamber is the reaction zone, where the fuel 
(methane) along with the carrier gas (carbon dioxide) enter and mix with the oxidizer that 
is coming through the porous plate from top and bottom chambers. The top and bottom 
chambers are closed so that all the oxygen supply is led to central chamber. The reaction 
begins when the oxygen to fuel ratios lie in combustible range and the flue gases leave 
from the outlet section. The reactor is equipped with quartz plates to visualize the 
combustion process. The height of each chamber is 30 mm, length of the reactor along 
with extension is 500 mm. width of the reactor is 55mm. Two alumina porous plates are 
used and each of them has 150 mm length and thickness of 1mm. 
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3.1 Set up for non reactive flow 
 
The schematic of the experimental setup is shown in Figure 13. Three gas cylinders 
having purities of 99.5% are available for fuel (i.e. nitrogen), oxidizer (i.e. oxygen) and 
carrier gas (i.e. carbon dioxide) which are connected to the mass flow controllers that 
control the flow rate of each species entering in the reactor. The fuel is represented by 
nitrogen for non reactive case. To improve the mixing of fuel and carrier gases, a mixing 
chamber is provided before the reactor that contains honey comb structure to maintain 
laminar flow. Fuel along with the carrier gas enters the mixing chamber before entering 
the reactor. The length of the mixing chamber is 800 mm and the length of the reactor 
cover is 440 mm with an extension of 100 mm. For sample collection, a 1/8” probe has 
been placed inside the reaction chamber that can move horizontally and vertically by 
means of gear mechanism to cover whole chamber. The probe is connected to data 
acquisition system (DAQ) i.e. gas chromatograph through the compressor. The pressure 
ratio across compressor is low so that it won’t disturb the flow field inside the chamber. 
Compressor is provided with dehumidifier to avoid moisture content entering to gas 
chromatograph. Gas chromatograph measures the species concentration on molar basis. 
For data logging and processing, data acquisition system is provided. 
 
 
 
37 
 
Figure 14 shows the 3D model of reactor along with the mixing chamber that was built in 
‘solid works’ for manufacturing. The reactor is made of stainless steel and the quartz 
plates are sealed by means of high temperature resistant sealant. The experimental set up 
was made and set up in Heat engines lab situated in Building 26 of King Fahd University 
of Petroleum and Minerals. The built in set up is shown in Figure 14 which comprises of 
reactor, mixing chamber, gas chromatograph, gas cylinders, mass flow controllers and 
miscellaneous fittings. 
 
 
 
Figure 13: Schematic of Experimental set up 
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Figure 14: 3D model of porous plate reactor 
 
 
Figure 15: Experimental setup showing reactor, mixing chamber, cylinders, gas 
chromatograph 
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3.2 Equipments 
 
To control the flow rate of gases, Bronkhorst high-tech D-type controllers have been 
used, the accuracy of the controllers is + 0.5% of full scale. For manual measurement of 
flow rates in Liters per minute, Rota meters have been added to each gas line. Bruker 
450-GC Gas chromatograph has been used for species concentration measurement. The 
Flame Ionization detector (FID) is used to measure total hydrocarbon measurement as 
methane equivalents. The Thermal Conductivity Detector (TCD) is the most commonly 
used detector to quantify the concentrations of CO, CO2, N2 and O2. The standard 
deviation in the concentration measurement of the Gas chromatograph is less than 1% for 
three samples of same composition.  
 
3.2.1 Gas chromatograph 450-GC 
 
For measurement of species concentration consisting of O2, N2 and CO2, Gas 
chromatograph ‘450-GC’ of Bruker is used, which is fully automated and easy to operate. 
It gives very accurate results with standard deviation less than 1% if three sample of same 
concentration are processed, however the variation of mass flow rates should be small. It 
uses three carrier gases for processing. Hydrogen, helium and zero air are used in non 
reactive flow experiments. Before intake, the sample is passed through various filters to 
enhance the life of chromatograph such as moisture, oxygen and hydrocarbons filters.  
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After the sample is processed, the gas is exhausted to water bath. For processing gases 
contained in the sample, 450-GC uses two kinds of detectors are used namely; Thermal 
Conductivity Detector (TCD) and Flame Ionization Detector (FID). The TCD and FID 
are generally used in petroleum and petroleum industries, FID is most commonly used for 
hydrocarbons, naphtha, petroleum and BTX, whereas TCD is commonly used for air (O2 
and N2) and fuel gases (like CO, CO2 etc) [83]. For non reactive flow study, TCD is 
enough for sample measurements. 
 
3.2.2 Vacuum pump 
 
A vacuum pump is provided to suck and deliver the sample from the reactor to the gas 
chromatograph. The suction pressure is very low so that it wouldn’t affect the velocity 
field inside the reactor. 
 
3.2.3 Mass flow controllers 
 
To control the species mass flow rates, Bronkhorst ‘D’ type flow controllers ‘In-flow’ 
with an uncertainty of +0.5%are used. The capacity of the flow controllers is ranging 
from 10 L/min to 70 L/min.  The flow controllers are connected to data acquisition 
system from where the mass flow rate can be controlled. 
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3.2.4 Data acquisition system 
 
.The mass flow controllers and Gas chromatograph are attached to data acquisition for 
data logging and processing. There are two scales in the control panel of flow controllers, 
one is the set point and the other is the measured against the set point. The scale ranges 
from 0 to 100%; showing how much the valve is open for particular flow. The flow 
controllers can be calibrated for different gases based on the method given in brochure. 
Gas chromatograph is also connected to a PC, from where one can upload the method 
and make necessary settings for the measurements.  
 
3.2.5 Rotameters 
 
The species flow rate can be controlled either from controllers or manually. For manual 
operation, flow rate can be set by opening or closing of the valve and the flow rate can be 
measured by means of rotameters that are installed in lines of different species. 
 
3.2.6 Pressure gauges and regulators 
 
To measure the oxygen supply pressure, Keller Leo 1 type digital pressure gauges are 
equipped having an uncertainty of + 0.2% [84]. All the gas cylinders are equipped with 
pressure gauges and regulators for supply pressure control. 
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3.2.7 Sampling 
 
For sample collection, probe of 1/8” is inserted inside the reactor and can be moved 
horizontally and vertically by a gear mechanism so that sample can be collected from 
desired location. 
 
3.3 Uncertainty Analysis 
 
In order to ensure the credibility of experimental results, uncertainty analysis has to be 
carried out for experimental set up. The final results may be affected by instrument 
selection, instrument calibration and environment. The uncertainty analysis has been 
carried out according to the method described by the Holman et al. [85]. The 
uncertainties related to the instruments have already been addressed above. The 
cumulative   uncertainty in the species concentration measurement can be found by: 
 z  = (zgc2 + ∑zgp2 + ∑zfc2)0.5      (1)  
Where z is the final uncertainty in the concentration measurement, zgc is the 
uncertainty related to gas chromatograph, zgp is the uncertainty related to gas purity 
(summation implies the number of species) and zfc is the uncertainty related to flow 
controllers. After incorporating all the values the final uncertainty can be found. The 
summary of uncertainty analysis is shown in Table 2. 
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Table 2: Summary of uncertainty analysis 
S. No. Equipment Uncertainty 
1. Pressure gauge + 0.2% 
2. Gas purity + 0.25% 
3. Mass flow controllers + 0.5% 
4. Gas chromatograph S.D. < 1% 
5. Species concentration + 1.4% 
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CHAPTER 4 
METHODOLOGY 
 
 
4.1 Experimental work 
 
The results reported in this study are for non reactive flows in which the fuel is replaced 
by the nitrogen for safety precautions since there is no combustion.  These results will 
serve as the validation part of the numerical model and will help us in understanding the 
flow behavior. Both horizontal and vertical concentration profiles were measured for 
different cases. For horizontal profile, concentrations were measured at the centerline of 
the reactor. The concentrations were measured with the interval of 1mm in the porous 
region and with the interval of 2 mm outside the porous region. For vertical profiles, four 
sections were selected where the porous plate lies and concentrations were measured at 
these sections; the points are shown in Figure 16. At each section five readings were 
taken with the interval of 5mm.  
 
 
Figure 16: Sections within the porous reactor for vertical concentration profiles 
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Five sets of experiments were conducted by varying the O2 from 1 l/min to 8 l/min flow 
rate that changes inlet O/N ratio from 1 to 8; while the flow rates of N2 and CO2 were 
remain fixed as 1 l/min and 7.52 l/min respectively. The cases are listed in Table 3. These 
flow rates were set from the well known methane combustion reaction in air 
environment. 
i.e.   CH4 + 2O2 + 7.52N2      ======>     CO2 + 2H2O + 7.52N2  
For stoichiometric combustion of methane, one mole of methane requires 2 moles of 
oxygen and with every 2 moles of oxygen 7.52 moles of nitrogen are present in the air. 
For non reactive experiments, nitrogen is being used as the fuel so with one mole of 
nitrogen, 2 moles of oxygen and 7.52 moles of carbon dioxide (for oxy-fuel conditions) is 
provided. All the species enter the reactor at 25 0C (298K). All the sets of experiments 
were conducted twice and average results have been reported. 
 
Table 3: Sets of experiments for non reactive flow 
Case# QN2 (l/min) QO2 (l/min) QCO2 (l/min) Inlet O/N 
1. 1 8 7.52 8 
2. 1 6 7.52 6 
3. 1 4 7.52 4 
4. 1 2 7.52 2 
5. 1 1 7.52 1 
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4.2 Numerical Modeling 
 
4.2.1 Calculation 
 
The geometry is made as a 2D domain as shown in Figure 17 using commercial software 
GAMBIT 2.4 which is widely used for geometry and mesh generation. The porous plates 
are formulated as 2D rectangle having dimensions of 150 mm x 1mm. The x direction is 
along the length and y direction is along the height of the reactor. The domain of the 
reactor is meshed into 24,000 rectangular elements. The grid is made finer near to the 
wall, porous plates, and at the start and end of the porous plates where the gradients are 
expected to be high. 
 
 
 
Figure 17: 2D representation of porous plate reactor 
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4.2.2 Governing Equations 
 
The governing equations to calculate pressure, velocity, temperature, species 
concentrations are continuity, momentum conservation, energy, species transport 
equations and Darcy law which can be mathematically represented as: 
     ∇.	(ρU)				=	0      (2) 
    ∇. (ρUU)  = -∇P + μ∇2U    (3) 
              (ρCp)U.∇T = ∇.(k∇T)     (4)     ∇.(ρUYi) - ∇.(ρDi,m∇Yi) = 0    (5) 
These equations are solved simultaneously in the FLUENT. The energy equation is not 
needed for non-reactive flow. 
 
4.2.3 Radiation model 
 
Radiative heat transfer is considered as an important heat transfer mode in combustion 
processes occurring in reactors and combustion chamber of gas turbines, boilers etc due 
to the presence of high temperatures more than 2000 K involved in combustion 
processes.  The solution of the radiative heat transfer equation requires the knowledge of 
the temperature distribution, as well as the concentration of the different species present 
in the medium. Radiative heat transfer implementation has been accomplished by 
Discrete Ordinate (DO) model that is built in FLUENT. The mathematical representation 
of the radiation equation is: 
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    ( , ) ( ) ( , )b s
dI r s KI K I r s
ds
       (6) 
The radiation stabilizes the flame and lowers the maximum temperatures by means of 
radiative heat transfer. The incorporation of radiation model gives more realistic results. 
The solution method for the DO model is similar to that of fluid flow and energy 
equations. Absorption coefficient of the fluid is calculated by domain based weighted 
sum-of-gray-gas model. The internal emissivity is taken as 0.8. 
 
4.2.4 Reactions Kinetics model 
 
Two different reaction kinetics models for methane combustion have been incorporated 
in this study. The flow is laminar everywhere inside the reactor; first a well known 
laminar finite rate single step reaction is used for the oxidation of Methane. The reaction 
is: 
     CH4 + 2O2 ======>     CO2 + 2H2O  
The rate of this reaction kr can be determined by Arhenius equation 
     exp( )ar
Ek AT
RT
       (7) 
Where ‘A (Pre exponential factor)’, ‘Ea (activation energy)’ and ‘β (Temperature exponent)’ are determined experimentally. For the above reactions the values are: 
    A=2.119x1011, Ea= 2.027x108, β=0 
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In the second phase modified two step reaction kinetics model that incorporates the 
production of carbon monoxide (CO) is used,  as proposed in [44]. This model was 
modified for the increased percentage of carbon dioxide under oxy-fuel combustion.  
The reactions are: 
CH4 + 1.5O2  ======>      CO + 2H2O   (R1) 
CO + 0.5O2  ======>      CO2     (R2) 
CO2  ======> CO + 0.5O2   (R3)  
The particulars for modified two step model are stated in Table 4.  
 
Table 4:  Particulars for modified two step reaction model under oxy-fuel conditions 
Reaction # A β Ea (J/kmol) Reaction orders 
R1 1.59 x 1013 0 1.998x108 [CH4]0.7[O2]0.8 
R2 3.98 x 108 0 4.18x107 [CO][O2]0.25[H2O]0.5 
R3 6.16 x 1013 -0.97 3.277x108 [CO2][H2O]0.5[O2]-0.25 
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4.2.5 CFD approach 
 
The numerical simulations are based on the CFD approach in which finite volume 
method is used to discretize the governing equations. The finite volume is a conservative 
method, for discretization of the governing equations presented before; commercial 
software Fluent 6.3.26 is used. The domain is divided by the rectangular elements each 
presenting a finite volume and discretized governing equations will be solved for each 
element. Solving momentum equation along with the other equations is difficult because 
the pressure term is present in terms of gradient in the momentum equation so therefore 
staggered grid (new grid that is offset to original grid by half of the cell dimension) is 
used for the simulations as recommended by Versteeg and Malalasekera Iin [86]. All the 
scalars are calculated at the grid point expect the velocities which are computed at the 
center of the cell. 
 
4.2.6 Boundary conditions 
 
The inlet is equipped with the ‘mass flow inlet’ boundary condition, at outlet ‘Pressure 
outlet’ boundary condition is used. The viscous resistance and inertial resistance of the 
porous zone are 2.44x1013 /m2 and 100/m respectively. The fluid porosity of the porous 
plate is 0.55; effective thermal conductivity is 3.85 W/m-K. The species enter at 298 K 
for non reactive flow and at 1173 K (higher than self ignition temperature of methane) for 
reactive flow. The species density is calculated by Ideal gas law; viscosity and thermal 
conductivity are measured from kinetic theory and specific heat is calculated from 
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piecewise functions for each species. The bulk properties are calculated by using Ideal 
gas mixing law. 
 
The reactor is modeled as 2D and it is assumed that the width is 1m. The mass flow rates 
are normalized with 1m width such that the mass flux remains constant. For numerical 
investigations, the oxygen mass flow rate is taken as 2x10-3 kg/s, methane as 5x10-4 kg/s 
and carbon dioxide as 8x10-3 kg/s for the reactive flow and non reactive flow. However 
the mass flow rates have been varied for the parametric study. For oxidizer ratio ‘OR’, 
carbon dioxide flow rate was varied such that OR=0.2, 0.25, 0.30, 0.35 and 0.40 were 
achieved. For equivalence ratio, oxidizer ratio was kept constant as 0.25 and mass flow 
rate of methane is held constant as 5x10-4 kg/s and oxygen flow rate was varied such that 
equivalence ratios φ=1.0, 0.9, 0.8 and 0.7 were achieved. In the end, the mass flow rates 
were multiplied by factor 1, 2 and 3 to investigate the effect of Reynolds number by 
keeping OR=0.25 and φ=0.8	as	constants. 
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4.2.7 Solver settings 
 
The viscous resistance and inertial resistance of the porous zone are 2.44x1013 /m2 and 
100/m respectively. The fluid porosity of porous plate is 0.55; effective thermal 
conductivity is 3.85 W/m-K. The species enter at 298 K for non reactive flow and at 1173 
K (higher than self ignition temperature of methane) for reactive flow. The species 
density is calculated by Ideal gas law; viscosity and thermal conductivity are measured 
from kinetic theory and specific heat is calculated from piecewise functions for each 
species. The bulk properties are calculated by using Ideal gas mixing law. 
 
4.3 Performance parameters 
 
The factors which were varied to investigate different parameters like maximum and 
outlet temperatures, reaction rates, diffusion, incident radiation and different modes of 
heat transfer are described as: 
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4.3.1 Oxidizer ratio (OR) 
 
The oxidizer ratio is defined as ratio of oxidizer mass flow rate to the sum of oxidizer and 
carrier gas mass flow rates. It represents the percentage of oxygen in the mixture of 
oxygen and carbon dioxide. The mathematical representation is: 
    2
2 2
o
co o
mOR
m m


   (8) 
Where: 
mo2 = mass flow rate of oxygen 
mco2 = mass flow rate of carbon dioxide 
 
4.3.2 Oxy-fuel ratio (O/F) 
 
The oxy-fuel ratio is the ratio between oxidizer mass flow rate and fuel mass flow rate. 
The mathematical representation is: 
2
4
/ o
CH
mO F
m
     (9) 
Where: 
mCH4 = mass flow rate of methane (fuel) 
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4.3.3 Equivalence ratio (૎) 
 
Equivalence ratio defines whether the mixture has more oxidizer than stoichiometric for 
complete combustion (lean) or less than stoichiometric (rich). The mathematical 
representation is: 
     
( / )
( / )
s
a
O F
O F
      (10)  
Where subscripts are for: 
 s = stoichiometric 
 a = actual 
 
4.3.4 Reynolds Number (Re) 
 
Reynolds number is a dimensionless number that represents the ratio between inertial 
forces to the viscous forces. It defines whether the flow is laminar or turbulent. If ‘Re’ is 
less than or equal to 2100, then the flow in pipe is laminar. If the ‘Re’ is greater than 
4000, then the flow in pipe is turbulent. If neither condition exists, then flow is transient.    
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The mathematical representation is: 
    Re h
Vd

     (11) 
Where ρ is the density in ‘kg/m3’, V is the velocity in ‘m/s’, dh is the hydraulic diameter 
‘m’ and μ is the absolute viscosity in ‘kg/m-s’. 
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CHAPTER 5 
RESULTS AND DISCUSSION 
 
 
This chapter focuses on the numerical study that includes calibration of porous media 
flows using the experimental data available in the literature and grid independency check 
for accurate results and to save computational time. It presents the validation of 
numerical models by means of experimental results for non reactive flow in order to 
ensure reliability of numerical results for reactive cases. Moreover results and discussion 
are shown in which first experimental results are discussed and critically analyzed. The 
horizontal and vertical profiles of species are presented. This is followed by discussion of 
numerical results for both non reactive and reactive flows using 1 step model and 2 step 
modified model for combustion. Parametric study has been conducted using different 
variables like, oxidizer ratio (OR), equivalence ratio (φ), viscous resistance and Reynolds 
number, at the end to find optimum conditions for the reactor design. 
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5.1 Calibration for porous media flow 
 
A CFD model has been developed for the calculation of porous media flows in order to 
assure the accuracy of the developed model presented in this study. The experimental 
data presented by Mancin et al [78] for porous media flows were compared with the 
present numerical model. In their work, effect of pressure drop on air mass flow rates 
have been observed for various metallic foams made of Aluminum and Copper. 
Experimental data of two Copper foams ‘Cu: 10-6.6’ and ‘Cu: 20-6.5’ have been 
extracted for calibration and the properties of these two samples are given in Table 1. 
 
Table 5: Properties of copper foams for validation 
 Sample Permeability ‘k’ 
(m2) 
Inertial resistance 
‘C2’ (/m) 
Thickness 
‘t’ (mm) 
Height ‘h’ 
(mm) 
Case I Cu: 10-6.6 2.58 x10-7 405.6 0.432 40 
Case II Cu: 20-6.5 1.7 x10-7 584.7 0.320 40 
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A two dimensional CFD model is developed and the porous plate is modeled as one 
dimensional for simplicity of the problem solution. The 2D domain is shown in Figure 
18. Experimental results were compared with the numerical model and were found in 
good agreement as shown in Figure 19. The symbols represent the experimental data 
while the solid lines represent numerical results. Results show that increase in pressure 
drop enhances the mass flux.  
 
 
 
Figure 18: 2D domain of problem 
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Figure 19: Comparison of experimental data from literature with present 
calculation for effect of pressure drop on mass flux [78] 
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5.2 Porous plates data 
 
To measure the viscous resistance and inertial resistances of the porous plates used in the 
experimentation for the input in numerical study, experiments have been performed using 
the sample of porous plate and air is passed through for different pressure drop. Velocity, 
density and mass flux were measured as shown in  Figure 20 and Figure 21. The figures 
show that increase in pressure raises the mass flow rate and density of air.  
 
 
Figure 20: Pressure drop (kPa) Vs Mass flow rate (kg/s) 
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Using these data, viscous resistance ‘α’ and inertial resistance ‘C2’ (α and C2 are the 
representations of these resistances) can be calculated using Darcy law as shown in Eqn. 
(8) 
2
2
1( ).
2
VP C V x 

       (12) 
    
 
Figure 21: Pressure drop (kPa) Vs Density (kg/m3) for porous plates 
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The computed resistances are: 
1/α = 2.44 x 1013  (/m2) 
C2 = 100   (/m) 
 
Note: The inertial resistance is very small as compared to the viscous resistance and can 
be neglected. 
 
5.3 Grid independency tests 
 
Three meshes were generated and include 16,000, 24,000 and 30,000 rectangular 
elements in order to perform mesh independency check. The non reactive case for 
OR=0.20 was solved using these meshes. Oxygen permeation and oxy-fuel ratio along 
the centerline were matched for three meshes as shown in Figure 22 and Figure 23. The 
oxygen permeation and oxy-fuel ratio for 16,000 elements slightly deviates from 24,000 
and 30,000 elements. However the difference in predicted results for 24,000 and 30,000 
elements are calculated to be less than 0.02%. 
 
The 16,000 elements grid has convergence issues for reactive cases, so, for accurate 
results and less computational time; grid of 24,000 elements was selected. The grid is 
refined in the regions where high gradients are expected like near porous plate regions, 
wall, entry and exit of porous plate as shown in Figure 24. 
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Figure 22: Variation of oxy-fuel ratio along centerline for OR=0.2 
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Figure 23: Variation of oxygen mole fraction along centerline for OR=0.2 
 
 
 
 
Figure 24: 24,000 elements grid for computational study 
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5.4 Experimental results 
 
The non reactive flow experiments were performed and the species concentrations were 
measured along the horizontal and vertical directions. The centerline variation of oxygen 
permeation in terms of mole fraction and oxygen to nitrogen ratio was measured for 
different inlet O/N conditions for experiments as shown in Figure 25 and Figure 26.The 
oxygen molar fraction starts to increase slightly from almost zero at x=60 mm however, 
significant increase in the mole fraction is indicated at the start of porous plate and 
continues to rise as more oxygen is inducted through the plates.  The trend is similar to 
that of O2/N2 ratio. The O2/N2 ratio increases slightly starting from zero as the flow 
moves in ‘x’ direction, the O2/N2 ratio increases significantly starting from x=125mm 
where the porous plates start, this is due to the permeation of oxygen through the porous 
plates and incorporation of permeated oxygen in the mainstream flow. The O2/N2 ratio 
keeps on increasing after the porous plates. This is attributed to the fact that oxygen 
concentration near walls is higher than the center, so as the flow moves the higher 
concentration of oxygen near wall mixes with the mainstream flow hence increasing the 
O2/N2 ratio in the center. The trends for oxygen molar fraction and local O2/N2 ratio do 
not become straight line and continue to increase after x=340 mm and near the walls, 
oxygen concentration is expected higher near the walls than the center and the oxygen is 
not fully mixed until x=340 mm. The reason behind that is the fact that the flow is 
laminar and there is less mixing of species as compared to turbulent flows.   
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Figure 25: Variation oxygen mole fraction along x direction (centerline) for 
different inlet O/N conditions 
 
Figure 26: Variation of molar oxygen to nitrogen ratio along x direction (centerline) 
for different sets of inlet O/N ratio 
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As shown in Figure 26, the maximum local O2/N2 ratio for O/N=8 experiments is around 
3.2, however the bulk ratio is 8 so it will continue to increase. Same can be said about 
other sets of experiment O/N=6, O/N=4, O/N=2 and O/N=1. The variations of O2/N2 
ratio in y-direction for O/N=8, O/N=6 and O/N=4 are shown in Figure 27 (a), (b) and (c). 
The variation of O2/N2 ratio in the y-direction increases as the ‘x’ increases. The local 
O2/N2 ratio at the centerline reaches around 2 at x=270mm but the O2/N2 ratio at y=+ 
10mm it ranges from 16-33 for O/N=8 experiment. The variations of local O2/N2 ratio in 
the y-direction increases as the ‘x’ increases, the local O2/N2 ratio at the centerline 
reaches around 1.2 at x=270mm but the local O2/N2 ratio at y=+ 10mm it ranges from 11-
20 for O/N=6 experiment. The variations of local O2/N2 ratio in the y-direction increases 
as the ‘x’ increases, the O2/N2 ratio at the centerline reaches around 0.95 at x=270mm but 
the local O2/N2 ratio at y=+ 10mm it ranges from 7-12 for O/N=4 experiment. The ratio is 
lower at y=-10mm (below centerline) is due to the buoyancy effects; the carbon dioxide 
is heavier than the other gases so it tends to move in bottom making local O2/N2 ratio 
lower in the lower part than the upper part of reaction chamber.  
 
The trends for O2/CH4 (in cases of reactivity if nitrogen is replaced with methane) are 
expected to be similar. So we can predict that for higher O2/CH4 inlet ratios, there will be 
lean mixture above and below the centerline and stoichiometric ratios are expected in 
some parts of central region and for lower O2/CH4 inlet ratios, there will be slightly lean 
and stoichiometric mixture above and below the centerline and rich O2/CH4 mixture are 
expected in central region of the reaction chamber. 
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Figure 27: Vertical variation of local O2/N2 ratio at different section of the reactor 
for different inlet conditions (a) O/N=8, (b) O/N=6 and (c) O/N=4 experiments 
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5.5 Comparison of present experimental and numerical results 
 
The numerical results from Fluent of local O2/N2 ratio and local mole fraction of oxygen 
were extracted and compared with the experimental data as shown in Figure 28, Figure 
29 and Figure 30. Figure 28 represents comparison of numerical results with 
experimental results for oxygen molar fraction variation along centerline for different set 
of experiment. Figure 29 shows comparison of numerical results with experimental 
results for O2/N2 variation along centerline for different sets of experiment. Figure 30 
shows comparison of numerical results with experimental results for O2/N2 variation in 
‘y’ direction for different inlet conditions (a) O/N=8, (b) O/N=6 and (c) O/N=4. The 
symbols show the experimental data while the solid lines are from numerical results. The 
numerical results are in good agreement with the experimental data making the numerical 
model worthy for numerical predictions.  However, there is some deviation at lower flow 
rates i.e. O/N=2 and O/N=1 at y=+ 10 mm. There can be several reasons like numerical 
errors, errors from simplified 2D model, turbulence and diffusion of species in other 
chambers. Ideally the top and bottom chamber should be completely filled with Oxygen 
but as the flow rates are decreased for e.g. O/N=4 and O/N=2, there is diffusion of 
nitrogen and carbon dioxide in the top and bottom chamber as shown in Figure 31 (a), 
(b), (c) and (d) creating recirculation of these species and making it difficult to measure 
accurate concentrations experimentally. The favorable ratio for combustion (i.e. 1-3 if N2 
is considered methane) can be predicted in the reaction chamber. But exact region can be 
estimated when methane is used instead of nitrogen.  
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Figure 28: Comparison of numerical results with present experimental results for 
oxygen molar fraction variation along centerline, symbols represents experimental 
data and lines represent numerical results 
 
 
Figure 29: Comparison of numerical results with experimental results for local 
O2/N2 variation along centerline for different inlet conditions, symbols represent 
experimental data and lines represent numerical results 
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Figure 30: Comparison of present experimental with numerical results of local 
O2/N2 variation in ‘y’ direction for different inlet conditions (a) O/N=8, (b) O/N=6 
and (c) O/N=4, symbols represents experimental data and lines represent numerical 
results 
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Figure 31: Contours of mass fraction of oxygen for different sets of experiments (a) 
O/N=8, (b) O/N=6, (c) O/N=4 and O/N=2 
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5.6 Non reactive flow 
 
Before examining the numerical results for the combustion cases, it is important to 
analyze non reactive flow behavior in the reactor. One case for oxidizer ratio OR=0.20 is 
presented for non reactive and reactive study. The velocity contours are shown in Figure 
32. The velocities in the top and bottom chamber are low due to low mass flow rate of 
oxygen as compared to reaction chamber (middle). The velocity in the middle chamber 
increases as the oxygen is added, thus increasing the total mass flow rate causing the 
velocity to increase in order to conserve continuity. At this state the Reynolds number at 
the outlet section is around 364. The contours of oxy-fuel ratio (on molar basis) are 
shown in Figure 33. The stoichiometric ratio for methane is 2 and the favorable region for 
combustion is near stoichiometric ratio, so the black and white region showing the ratio 
from 1 to 3, that starts near the porous plates and tend to move in the center; so 
combustion will most likely to occur in this region. 
 
The contours for mass fraction of oxygen, carbon dioxide and methane are shown in 
Figure 34, Figure 35 and Figure 36. Oxygen concentration is maximum in the top and 
bottom inlet and zero at the fuel inlet, as the oxygen passes the porous plates and mixes 
with the mainstream flow, concentration of oxygen increases in the positive ‘x’ direction 
reaction chamber. Diffusion of carbon dioxide and methane occurs in the top and bottom 
sides of the chambers as shown in the contours. The contours of carbon dioxide and 
methane concentrations are highest at the fuel inlet and decreases in the flow direction as 
the mainstream flow mixes with oxygen. 
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Figure 32: velocity (m/s) contours for non reactive flow OR=0.2 
 
 
 
 
Figure 33: Combustible region showing oxy-fuel ratio (on molar basis) in the 
reaction chamber for OR=0.20 (Non reactive flow) 
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Figure 34: Contours of oxygen mass fraction for non reactive flow OR=0.2 
 
 
 
 
 
 
 
 
Figure 35: Contours of carbon dioxide mass fraction for non reactive flow OR=0.2 
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Figure 36: Contours of methane mass fraction for non reactive flow OR=0.2 
 
  
77 
 
The effect of sweep flow rate that contains mainly CO2 on oxygen to fuel ratio (molar 
basis) at the centerline has been investigated by changing the oxidizer ratio from 0.2 to 
0.4. The oxidizer ratio is changed by varying carbon dioxide mass flow rate while 
methane mass flow rate was kept constant. The inlet CO2/CH4 ratio has been set to 16, 
9.33 and 6 (sweep flow rate is decreased) corresponding the OR=0.2, 0.3 and 0.4. The 
variation of oxy-fuel ratio at the centerline for different inlet CO2/CH4 ratio is shown in 
Figure 37. In this figure, as the sweep flow rate is decreased the oxy-fuel (O/F) ratio 
increases due to decrease in local pressure at the sweep side allowing more oxygen to 
induct in the reaction chamber. The effect of sweep flow rate on oxygen to fuel ratio 
(molar basis) at the centerline has been investigated by changing the equivalence ratio 
(phi=φ) from 1 to 0.8 with 0.1 interval. The equivalence ratio is decreased by increasing 
the oxygen mass flow rate. The variation of oxy-fuel ratio at the centerline for different 
equivalence ratios is shown in Figure 38. In this figure, as the equivalence ratio is 
decreased from 1.0 to 0.8 the oxy-fuel (O/F) ratio increases due to increase in local 
pressure at the top and bottom chambers side due to more oxygen available at the supply. 
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Figure 37: Variation of oxy-fuel ratio along centerline for different inlet CO2/CH4 
ratios 
 
 
Figure 38: Variation of oxy-fuel ratio along centerline for different inlet equivalence 
ratios 
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5.7 Reactive flow (one step model) 
 
The results for reactive cases using one step reaction model are as follows: 
 
5.7.1 Effect of Radiation 
 
In order to investigate the influence of radiative heat transfer on the combustion process 
inside the reactor, two cases were examined with and without the radiation model having 
oxidizer ratio OR=0.25. The temperature contours of both cases are shown in Figure 39 
(a) and (b).  In combustion without radiation model, the maximum temperature is too 
high i.e.4237 K, the outlet temperature is around 2975 K, the flame shape is not well 
defined and also combustion has no effect on upstream flow that is unrealistic. On the 
other hand the incorporation of radiation model affects the flame shape, maximum and 
outlet temperatures and on upstream flow. The radiation heat transfer cools down the 
flame and maximum temperature reduces to 3020 K and outlet temperature becomes 
2028 K. The incident radiation contours are shown in Figure 40, in which the maximum 
incident radiation is near the outlet i.e. 3.81 MW/m2 and is minimum near the inlet i.e. 
around 1.14 MW/m2, so the radiation heat transfer has more effect near the outlet than at 
the inlet. Comparison of temperature distribution is made in Figure 41, the mass weighted 
average temperature with radiation model is higher than the temperature without 
radiation model but after x=150mm temperature with radiation model is much lower than 
the temperature without radiation model due to factors discussed above. Methane 
depletion for cases is analyzed in Figure 42, the trend is similar for both the models at the 
beginning but methane depletes faster with the radiation model activated. 
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Figure 39: Contours of Temperature in ‘K’ inside the reactor for OR=0.25 (a) 
without radiation model and (b) with radiation model 
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Figure 40: Contours of incident radiation in ‘W/m2’for OR=0.25 
 
 
 
 
Figure 41: Comparison of Temperature profile in the reaction chamber for the cases 
of Radiation and without radiation 
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Figure 42: Comparison of methane depletion in the reaction chamber for OR =0.25 
with radiation and without radiation model 
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5.7.2 Combustion characteristics 
 
As the combustion starts, methane starts to deplete near the porous plate region and it 
continues to deplete till the end of combustion as shown in  Figure 43 (a). All the oxygen 
that enters in the reaction is used to oxidize methane and there is no oxygen left at the 
outlet as shown in Figure 43 (b). Carbon dioxide and water vapor are produced due to 
combustion; some of these quantities diffuses to top and bottom chambers and then come 
back to reaction chamber as shown in Figure 44 (a) and (b). The velocity for the reactive 
case is much higher than the non reactive case as shown in Figure 45, in which centerline 
velocities are compared. The difference is due to increase in density of gases by 
temperature increase after combustion so the velocities need to be increased in order to 
maintain the same mass flow rates. 
 
Figure 46 represents the variation of species in terms of mass fractions along the reaction 
chamber. Methane starts to deplete after x=100mm as the reaction begins, water vapor 
forms as the reaction product, the amount of carbon dioxide increases but the mass 
fraction decreases as the water vapor  are formed. As the combustion is complete the 
mass fraction of carbon dioxide increases. By the end of combustion the species mass 
fraction remains constant. The flame shape and temperature distribution in the reactor is 
presented in Figure 47, in which two flames are shown, they start with the beginning of 
the porous plate with the maximum temperature of 2848 K. The flames are directed 
towards the center due to the upstream flow and the flow through the porous plates that 
pushes the flame towards the centerline. The outlet temperature is around 2035 K, the 
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temperature of the top and bottom chamber rises more than 1900 K mostly due to 
radiation heat transfer and diffusion of species from reaction chamber to top and bottom 
chamber. The temperature of upstream flow also increases due to radiation heat transfer. 
 
 
 
 
 
 
 
 
Figure 43: Contours of species mass fraction for OR=0.2 (a) Methane (b) Oxygen 
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Figure 44: Contours of species mass fraction for OR=0.2 (a) Carbon dioxide (b) 
Water vapor 
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Figure 45: Centerline velocity comparison for reactive and non reactive flow 
(OR=0.2) 
 
 
Figure 46: Variation of species mass fraction in the reaction chamber 
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Figure 47: Temperature distribution in ‘K’ inside the reactor for OR=0.2 
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The Arhenius reaction rates varies from 0 to 0.728 kgmol/m3-s as illustrated in Figure 48, 
where contours are shown only for the values ranging from 0.001 to 0.728 kgmol/m3-s 
considering where most of the reaction occurs. The reaction rate gives the number of 
moles that are converting in to products per unit time. The maximum value is where the 
combustion starts and it tends to diminish as the reaction completes, the shape of 
contours are similar to flames as in Figure 47. These contours lie in the region where the 
oxy-fuel ratio was in the range from 1 to 3 as in Figure 33. So we can predict the 
combustible region based on non reactive flow either experimental or numerical study. 
The comparison between the centerline temperature and mass weighted average 
temperature (calculated at different sections) is shown in Figure 49. The average 
temperature slightly differs from the centerline temperature at the beginning, but the 
difference is enlarged as the reaction begins, both lines coincide at the end. This 
difference in the temperature is due to the fact that combustion starts above and below the 
centerline and impact of flame is more prominent near the porous plates so the centerline 
temperature is not the best representative of the energy carried by the flow. In this study 
all the variations are shown as mass weighted average quantities like temperature, mass 
fraction etc otherwise stated. After analyzing the combustion having oxidizer ratio 
OR=0.2, it is evident several factors need to be improved in order to improve the 
performance of this reactor. These include minimizing the maximum temperature, 
diffusion of species into top and bottom chamber, temperature of top and bottom 
chamber, increasing outlet temperature by convection, flame length etc.  Parametric study 
has been carried out to address and optimize these factors. 
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Figure 48: Arhenius reaction rate in kgmol/m3-s in the reactor 
 
 
 
Figure 49: Comparison between sectional average temperature in the reaction 
chamber and the centerline temperature 
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5.7.3 Effect of Oxidizer ratio (OR) 
 
The effect of oxidizer ratio (OR) on combustion process has been investigated by varying 
the ratio starting from 0.2 to 0.4 with the interval of 0.05. The temperature contours are 
presented in Figure 50. The oxidizer ratio is increased by decreasing the carbon dioxide 
mass flow rate keeping the stoichiometric ratios. By increasing oxidizer ratio, the flame 
length decreases, the maximum temperature increases and the outlet temperature 
decreases as shown in Figure 51. The maximum temperature increases from 2848 K to 
3342 K due to the presence of less amount of carrier gas i.e. carbon dioxide. The outlet 
temperature decreases from 2035 K to 2008 K, because the convection heat transfer 
decreases and the radiation heat transfer increases due to presence of high temperatures. 
The axial variation of mass weighted average temperature is shown in Figure 52. It is 
evident from the figure that the upstream temperature raises due to more radiative heat 
transfer as the oxidizer ratio increases. Methane depletion rates are compared in Figure 
53, where the reaction starts at same position after 100mm and most of the methane is 
depleted around x=300mm, but as the amount of carrier gas reduces the rate of methane 
depletion increases. The maximum arhenius reaction rate increases with the increase in 
oxidizer ratio as shown in Figure 51. The carrier gas is needed in order to limit the 
maximum temperature but combustion is delayed when using OR=0.21 (molar) as 
reported in [42],  OR=0.27-0.34 (molar) produces better results under oxy-fuel 
conditions, choosing OR=0.25 (which is equivalent to 0.30 on molar basis) for analyzing 
the effect of equivalence ratio. 
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Figure 50: Temperature distribution in ‘K’ inside reaction chamber for (a) 
OR=0.20, (b) OR=0.25, (c) OR=0.30, (d) OR=0.35 and (e) OR=0.40 
 
Figure 51: Variation of Arhenius reaction rate, maximum and outlet temperature 
with oxidizer ratio  
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Figure 52: Variation of temperature inside the reaction zone for different oxidizer 
ratios 
 
Figure 53: Methane depletion inside the reaction chamber for different oxidizer 
ratios 
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5.7.4 Effect of Equivalence ratio (φ) 
 
The effect of equivalence ratio (φ) on combustion process has been investigated by 
varying the ratio starting from 1 to 0.7 with the interval of 0.1 having fixed OR=0.25. 
The equivalence ratio is decreased by increasing the oxygen mass flow rate. The 
temperature contours for different equivalence ratios are presented in Figure 54.  As the 
equivalence ratio decreases, the flame length increases, the flame moves towards the 
centerline, maximum arhenius reaction rate decreases, the maximum temperature reduces 
from 3020 K to 2845 K and the outlet temperature increases from 2028 K to 2070 K as 
shown in Figure 55 and Figure 56. This is due to enhanced convection heat transfer by 
the induction of more oxygen flow rate. The upstream temperatures are also reduced as 
the effect of radiation heat transfer reduces due to lower maximum temperatures. The 
presence of excess oxygen ensures complete combustion that is achieved early for lower 
equivalence ratio as shown in the methane depletion variation in Figure 57. As the 
equivalence ratio decreases, the water vapor are directed towards the center so the 
possibility of diffusion to top and bottom chamber decreases. The diffusion of water 
vapor to other chamber is an indication of energy loss that raises the temperature of top 
and bottom chamber that isn’t required. Hence decreasing the equivalence ratio or 
making the mixture lean will effect in better combustion with less energy loss to the 
surroundings. 
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Figure 54: Temperature contours in ‘K’ for reaction chamber at OR=0.25 with 
different equivalence ratios (a) ૎=1, (b) ૎ =0.9, (c) ૎ =0.8 and (d) ૎ =0.7 
 
 
Figure 55: Variation of Arhenius reaction rate, maximum and outlet temperature 
with equivalence ratio at fixed OR=0.25 
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Figure 56: Temperature variation in the reaction chamber for different equivalence 
ratios 
 
Figure 57: Methane depletion in the reaction chamber for different equivalence 
ratios 
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5.7.5 Effect of Permeability 
 
For the fixed mass flow rates having OR=0.25 and φ=0.8, the viscous resistance was 
varied to investigate effect on combustion process. The values of viscous resistances 
were taken as 1010, 2.44x1013 and 1015 respectively. The oxygen supply pressure is 
directly proportional to the viscous resistance of porous plates as shown in Figure 58. The 
porous plates with high viscous resistance needs high supply pressure that means extra 
energy is required. The temperature contours for different viscous resistances are shown 
in Figure 59. Increasing the resistance won’t do much benefit as the temperature of the 
top and bottom chambers and flame shapes are not affected much. 
 
 
 
Figure 58: Supply pressure (Pa) Vs Viscous resistance (/m2) 
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Figure 59: Temperature contours for reactors having different viscous resistances 
for OR=0.25 and =0.8, (a) 1x1010 /m2 (b) 2.44x1013 /m2 (c) 1x1015 /m2 
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5.8 Reactive case (two step model) 
 
The results for reactive cases using two step modified reaction model are as follows: 
 
5.8.1 Combustion characteristics 
 
The difference in the one step and two step model is the carbon monoxide formation. The 
one step model over predicts the temperature due to simplified reactions which neglects 
the carbon monoxide and its effect like in radiation heat transfer. The contours of both 
models having OR=0.20 are presented in Figure 60. The mass weighted average 
temperature profile for both models are presented in Figure 61, in which the temperature 
rise in one step model is more than the two step model. In two step model, first methane 
is converted in to carbon monoxide and then into carbon dioxide. The outlet temperature 
is nearly comparable for both models, when most of the carbon monoxide is converted 
into carbon dioxide. The CO contours are shown in Figure 62, the maximum mass 
fraction is around 0.09 in the region of maximum temperature. The incident radiation 
falling on the upstream flow in two step model is lower than the one step model as shown 
in Figure 63 due to the difference in temperature profiles in these models. Figure 64 
represents the variation of species in terms of mass fractions along the reaction chamber. 
Methane starts to deplete after x=100mm as the reaction begins, carbon monoxide and 
water vapor forms as the reaction product, the amount of carbon dioxide increases but the 
mass fraction decreases as the water vapor  are formed. By the end of combustion the 
species mass fraction will remain constant.  
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Figure 60: Temperature contours for OR=0.20 (a) one step model and (b) two step 
model 
 
 
 
Figure 61: Temperature profiles for OR=0.20 (a) one step model and (b) two step 
model 
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Figure 62: Contours of CO mass fraction for OR=0.20 
 
 
 
 
 
Figure 63: Incident radiation profile for OR=0.20 (a) one step model and (b) two 
step model 
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Figure 64: Variation of species mass fraction using two step model for OR=0.20 
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5.8.2 Effect of oxidizer ratio (OR) 
 
The effect of oxidizer ratio (OR) on combustion process has been investigated by varying 
the ratio starting from 0.2 to 0.4 with the interval of 0.05 using two step model. By 
increasing oxidizer ratio, the flame length decreases, the maximum arhenius reaction 
rates, the maximum temperature increases and the outlet temperature decreases as shown 
in Figure 65 and Figure 66. The arhenius reaction rates are much lower than the one step 
model due multi step reactions. The maximum temperature increases from 2724 K to 
3158 K due to the presence of less amount of carrier gas i.e. carbon dioxide. The outlet 
temperature decreases from 2059 K to 2020 K, because the convection heat transfer 
decreases and the radiation heat transfer increases due to presence of high temperatures. 
The maximum temperatures are less than the maximum temperatures from one step 
model. The axial variation of mass weighted average temperature is shown in Figure 67. 
It is evident from the figure that the upstream temperature raises due to more radiative 
heat transfer as the oxidizer ratio increases and the sweep flow rate decreases. 
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Figure 65: Variation of maximum and outlet temperature with oxidizer ratio 
 
 
 
Figure 66: Variation of Arhenius reaction rates with oxidizer ratio 
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Figure 67: Temperature variation along the reactor for different oxidizer ratios 
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5.8.3 Effect of equivalence ratio (φ) 
 
The effect of equivalence ratio (φ) on combustion process has been investigated by 
varying the ratio starting from 1 to 0.7 with the interval of 0.1 having fixed OR=0.25. 
The equivalence ratio is decreased by increasing the oxygen mass flow rate.  As the 
equivalence ratio decreases, the flame length increases, the flame moves towards the 
centerline, maximum arhenius reaction rate decreases, the maximum temperature reduces 
from 2852 K to 2731 K and the outlet temperature increases from 2034 K to 2090 K as 
shown Figure 68 and Figure 69. This is due to enhanced convection heat transfer by the 
induction of more oxygen flow rate. The upstream temperatures are also reduced as the 
effect of radiation heat transfer reduces due to lower maximum temperatures. The 
maximum temperatures and reaction rates are lower than the one step model. 
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Figure 68: Variation of maximum and outlet temperatures with equivalence ratios 
 
Figure 69: Variation of maximum reaction rate with equivalence ratios 
 
 
 
 
 
2000
2200
2400
2600
2800
3000
3200
0.7 0.75 0.8 0.85 0.9 0.95 1
Te
m
pe
ra
tu
re
 (K
)
Equivalence ratio
maximum (1 step model)
maximum (2 step model)
outlet (1 step model)
outlet (2 step model)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0.7 0.75 0.8 0.85 0.9 0.95 1
Ar
he
ni
us
 re
ac
tio
n 
ra
te
 (k
gm
ol
/m
3-
s)
Equivalence ratio
ARR (2 step model)
ARR (1 step model)
107 
 
5.8.4 Effect of Reynolds number (Re) 
 
The effect of Reynolds number (Re) on combustion process has been investigated by 
varying the mass flow rates having OR=0.2 and φ=0.8, the mass flow rate were 
multiplied by factor 1, 2 and 3 and Reynold number Re= 245, 436 and 600 were achieved 
by using Eqn. 11 at the exit section respectively. As the Reynold number increases, the 
outlet temperature increases from 2074 to 2594 K, the maximum temperature rises from 
2790 to 3030 K, the flame is directed towards the wall instead of centerline as shown in 
Figure 70 and Figure 71. The flame is directed towards wall at high Reynolds number is 
due to the fact that as the Reynolds number increases the combustible region where oxy-
fuel ratio is from 1 to 3 moves away from the porous region as shown in Figure 72. The 
reactors operating at low Reynolds number are suitable as burners, because the high 
temperature flame will be in the center so it won’t affect the walls of reactor much. The 
reactors operating at high Reynolds number are suitable as heat exchangers, because the 
high temperature flame will be near the wall so maximum heat transfer is possible. The 
temperature variations along the reactor are shown in Figure 73. Figure shows that for 
lower Reynolds number, the temperature rises up to certain limit than decreases due to 
radiation and mixing of unused oxygen; for higher Reynolds number, the temperature 
keeps on increasing till end, because the reaction is not complete as shown in Figure 74 
by unburned methane. 
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Figure 70: Variations of maximum and outlet temperatures with Reynolds number 
 
 
 
 
Figure 71: Temperature contours for (a) Re=245, (b) Re=436 and (c) Re=600 
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Figure 72: Oxy-fuel ratio for non reactive case ranging from 1 to 3 for different 
Reynolds number (a) Re=245, (b) Re=436 and (c) Re=600 
 
 
Figure 73: Temperatures variation along the reaction chamber for different 
Reynolds number 
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Figure 74: Methane depletion trends for different Reynolds numbers 
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CHAPTER 6 
CONCLUSION AND FUTURE RECOMMENDATIONS 
 
 
The conclusion is divided in two sections. In the first section the experimental and 
numerical results are summarized and in the second section, proposed directions have 
been made for future research. 
 
6.1 Porous plate reactor 
 
An experimental set up has been made comprising of specially designed porous plate 
reactor in order to investigate combustion characteristics under oxy-fuel combustion 
conditions. The experiments have been performed for non reactive flows to measure 
horizontal and vertical species concentration profiles. From these profiles we can predict 
the combustible zone where the reaction is most likely to happen. A 2D numerical model 
was developed for the study of reactive and non reactive cases. The experimental data 
was compared with the numerical predictions which validated the numerical model. The 
modeling for reactive cases was carried out by using one step and modified two step 
reactions kinetics model. Detailed parametric study was carried out by varying 
permeability of porous plates, oxidizer ratios, equivalence ratios and Reynolds number. It 
was found that the maximum temperature in the reactor increases by increasing oxidizer 
ratio, equivalence ratio (up to 1) and Reynolds number and the outlet temperature 
increases by increasing the sweep flow rate, equivalence ratio and Reynolds number. The 
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one step model over predicts the temperature and reaction rates as compared to two step 
model. It was found that the reaction zone can be adjusted to desired region within the 
reaction chamber by varying inlet conditions. The reactor operating at higher Reynolds 
number pushes the flame towards walls making it a suitable condition to be operated as 
heat exchanger. 
 
6.2 Future Recommendations 
 
a) Different configurations of the porous plate reactor like vertical and tubular, can be 
investigated in order to enhance and optimizing the combustion process.  
 
b) Four step model and detailed kinetics model can be implied for accurate results which 
also help in predicting other species like hydrogen etc. 
 
c) The reactor can also be investigated for different kinds of fuel specially the ones with 
low calorific values.  
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NOMENCLATURE 
 
A : Pre exponential factor 
C2 :  Viscous resistance 
Cp : Specific heat capacity in ‘kJ/kg-K’ 
Di,m : Diffusion coefficient dh : Hydraulic diameter (m) 
Ea : Activation energy 
I : Total radiation intensity 
K : Absorption coefficient 
kr : Rate of reaction 
m : Mass flow rate in ‘kg/s’ 
P : Pressure in ‘Pa’ 
Qx : Flow rate of ‘x’ species in L/min 
R : Universal gas constant Re : Reynolds Number 
r : Position vector 
T :  Temperature in ‘K’ 
U : Velocity in ‘m/s’ 
Yi : Species concentration 
z : Uncertainty in %age 
∆P : Pressure drop (Pa) 
∆x : Thickness of porous plate (mm) 
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α : Inertial resistance  
β : temperature exponent  
∇ : Gradient operator 
૎ :  Equivalence ratio 
σs : Scattering coefficient 
ρ : Density in ‘kg/m3’ 
μ : Viscosity in ‘kg/m-s’ 
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